Abstract Recent studies have renewed the interest on the potential role that neutrophils play in the development of systemic lupus erythematosus (SLE) and other autoimmune conditions. A distinct subset of proinflammatory, lowdensity granulocytes (LDGs) isolated from the peripheral blood mononuclear cell fractions of patients with SLE has been described. While the origin and role of LDGs needs to be fully characterized, there is evidence that these cells may contribute to lupus pathogenesis and to the development of end-organ damage through heightened proinflammatory responses, altered phagocytic capacity, enhanced ability to synthesize type I interferons, and to kill endothelial cells.
Abstract Recent studies have renewed the interest on the potential role that neutrophils play in the development of systemic lupus erythematosus (SLE) and other autoimmune conditions. A distinct subset of proinflammatory, lowdensity granulocytes (LDGs) isolated from the peripheral blood mononuclear cell fractions of patients with SLE has been described. While the origin and role of LDGs needs to be fully characterized, there is evidence that these cells may contribute to lupus pathogenesis and to the development of end-organ damage through heightened proinflammatory responses, altered phagocytic capacity, enhanced ability to synthesize type I interferons, and to kill endothelial cells. Furthermore, these cells readily form neutrophil extracellular traps, a phenomenon that may promote autoantigen externalization and organ damage. This review examines the biology and potential origin of LDGs, describes the ultrastructural characteristics of these cells, and discusses their putative pathogenic role in systemic autoimmune diseases.
Neutrophils and the pathogenesis of systemic lupus erythematosus
Neutrophils, the most abundant white blood cells in humans, play crucial roles as sentinels and first line of defense against pathogens. Neutrophils are short-lived non-mitotic cells that produce a variety of proinflammatory molecules that are important for the initiation and amplification of inflammatory reactions; their deployment is, therefore, tightly controlled to minimize organ damage [1] . Neutrophils mature in the bone marrow and are released into the bloodstream when terminally differentiated [2] .
While aberrant neutrophil responses have been described in a variety of chronic inflammatory and autoimmune conditions, the role that neutrophils play in systemic lupus erythematosus (SLE) was, until recently, less clear. Classically, SLE is described as a systemic autoimmune syndrome characterized by the production of immune complexes and autoantibodies to various nuclear antigens [3] . Lupus follows a chronic course where subclinical autoimmunity precedes the development of overt clinical manifestations secondary to immune-mediated tissue damage [4] . Accelerated atherosclerosis is also a prominent feature in SLE and represents a common cause of morbidity and mortality [5] . SLE has typically been considered a disease of abnormal adaptive immunity, where clearly both B and T lymphocytes play prominent pathogenic roles [6, 7] . However, evidence over the last few decades has also clearly implicated abnormal innate immune responses (particularly a prominent role for type I interferons (IFNs)) in the development of autoimmunity and organ damage in this disease [8] [9] [10] [11] . More recently, several groups have proposed novel roles for neutrophil responses in the development of loss of tolerance and organ damage in SLE.
Lupus neutrophils have been reported to have altered functional properties, including diminished phagocytic capabilities, increased aggregation, and intravascular activation [12] [13] [14] [15] [16] . Furthermore, depletion of neutrophils can protect against antibody-mediated glomerulonephritis, which supports a role for these cells in the progression of autoimmune responses and organ damage in SLE [17] . However, previous studies did not systematically analyze neutrophil subsets with regards to differences in pathogenicity or function.
Isolation and characterization of low-density granulocytes in lupus
In 1986, Hacbarth and Kajdacsy-Balla were the first to describe the presence of what they called "low-buoyantdensity granulocytes," which were detected in peripheral blood mononuclear cell (PBMC) preparations obtained from adult SLE patients [18] . The presence of this low buoyancy subset correlated with disease activity, and this group proposed that humoral factors present in the plasma of lupus patients may be responsible for this phenotype [18] . In 2003, Bennett et al. performed microarray analysis of blood mononuclear cells isolated by density gradient from pediatric lupus patients and identified high expression of neutrophil-specific genes. They proposed that this signature was the result of immature neutrophils present in the PBMC fractions of these patients [10] . These observations were followed by a publication by Nakou et al., which demonstrated that gene arrays performed in bone marrows from adult SLE patients also revealed upregulation of granulopoiesis-related genes associated with disease activity. Compellingly, several of the upregulated genes were those found in early stages of neutrophil development [19] . We developed a negative selection technique to highly purify these low-density neutrophils, which we termed "lowdensity granulocytes" (LDGs), from the PBMC fractions of lupus patients [9] . Using this approach, we confirmed that all adult SLE patients examined displayed LDGs in their PBMC fractions, with those patients with higher numbers of these cells in the periphery developing enhanced prevalence of skin involvement and/or vasculitis [9] .
Several distinct features were identified in LDGs and are further discussed in this review. Compared with control neutrophils or with autologous, normal-density lupus neutrophils, LDGs show enhanced capacity to synthesize type I IFNs upon specific types of stimulation (including granulocyte-colony stimulation factor (G-CSF) or polyinosinic/polycytidylic acid (poly I/C). Furthermore, LDGs display decreased ability to phagocytose bacteria, but they have a strikingly enhanced capacity to form neutrophil extracellular traps (NETs) [9, 20] . NETs are characterized as chromatin fibers associated to granular proteins that are released to the extracellular space in order to immobilize and kill invading microbes during a process of cell death termed "NETosis" [21, 22] . In addition to their antimicrobial role, recent evidence suggests that NETs can induce endothelial damage and expose potent immunostimulatory molecules [20, 23] . Due to the potential role of netting neutrophils in externalizing autoantigens and activating the adaptive immune system, we have proposed that LDGs, at least in part through a NET-associated effect, may play an important role in the pathogenesis of SLE and its associated organ damage. This is explored in more detail later in this review.
Morphology and function of lupus LDGs
Phenotypically, a neutrophil can be distinguished by two distinctive morphological characteristics: its unique polymorphous nucleus and the content of its granules. Furthermore, classification of neutrophils and their precursors is based on their stage of maturation in the bone marrow. Myelopoiesis is a tightly controlled process whereby precursor cells divide and differentiate from pluripotent hematopoietic stem cells and proceed to committed stem cells that provide lineage-restricted progenies. During maturation, neutrophils acquire their granule products, and variations in the timing of synthesis of various proteins present in granules lead to the formation of granule subsets with distinct peptide content depending on the specific stage of differentiation. It is considered that the elevated heterogeneity of neutrophil granules arises from continuous formation of granules from the myeloblast to the segmented stages. Under normal conditions, neutrophils are released from the bone marrow when terminally differentiated [24] .
The developmental stage of LDGs and the mechanisms driving their synthesis in SLE remains unclear. While mature neutrophils typically sediment with the red-blood cell fraction in a Ficoll-density gradient, LDGs co-purify in the PMBC fraction. Examination of nuclear morphology of LDGs by differential staining has revealed a mixed population of segmented, band, or myelocyte-like cells [9, 10] . In order to establish whether the low density of these cells is the result of degranulation due to activation or the result of a more immature phenotype, we have performed transmission electron microscopy of purified lupus LDG fractions and compared their ultrastructural characteristics to those of normal-density neutrophils. Using this approach, we have observed that LDGs have less segmented nuclei compared with normal-density granulocytes, with their hetero-(dense) and euchromatin (decondensed) clearly delineated, and with various types of granules identified in their cytoplasm. The nuclear morphology by ultrastructural analysis may suggest a more immature stage, such as band/juvenile forms. These observations support the notion that LDGs do not represent a subset of activated neutrophils that have undergone granule release. Furthermore, the cytoplasm of LDGs shows no evidence of vacuolization or apoptosis (Fig. 1 ).
Gene array analysis of LDGs
As an additional tool to assess whether LDGs represent a distinct pool of neutrophils, gene expression profiling of purified neutrophil fractions of lupus LDGs, autologous lupus neutrophils, and control neutrophils was determined using Affymetrix genechip microarrays. While no genes were significantly differentially regulated when comparing normal-density lupus neutrophils with healthy control neutrophils, several genes were differentially expressed in LDGs relative to the other neutrophil groups. Indeed, 302 genes were differentially expressed in lupus LDGs when compared with control neutrophils, and 281 genes were found to be altered using pairwise comparison of each patient's LDGs to their autologous lupus neutrophils. Furthermore, 224 genes were upregulated in both comparisons. In addition, 57 genes were selectively regulated in lupus LDGs, compared with autologous lupus neutrophils, and 78 genes were restricted to LDGs alone when compared with control neutrophils. Identification of canonical pathways identified actin cytoskeleton, macropinocytosis, clathrin-mediated endocytosis, and integrin signaling pathways among the most significantly regulated in lupus LDGs compared with normal-density neutrophils. Interestingly, the top upregulated genes in lupus LDGs included various serine proteases, bactericidal proteins, and other molecules present in azurophilic granules and involved in neutrophil regulation of inflammatory responses [20] . These findings once again suggest a more immature phenotype of the LDGs, as levels of expression of the mRNAs that encode neutrophil serine proteases are greatest at the promyelocytic stage of neutrophil differentiation and are downregulated as neutrophils mature [25] . In support of the gene array analysis, high levels of calprotectin (S100A8/S100A9) were recently reported in a proteomic analysis of SLE PBMCs, in direct correlation with the presence of LDGs. These observations suggest a proteomic signature for circulating LDGs in lupus patients that requires further investigation [26] . Overall, based on the gene expression profile and the ultrastructural analysis of LDGs, it is possible that they represent a more immature granulocyte subset prematurely released from the marrow due to yet uncharacterized stimuli. These observations are in agreement with the studies from Bennett et al. in pediatric lupus patients, as mentioned above [10] . Various cytokines abundant in SLE could potentially enhance mobilization of neutrophil precursors from the bone marrow or interfere with their differentiation capacity. Among the putative stimuli, granulocyte-macrophage colony-stimulating factor (GM-CSF) and type I IFNs should be considered, as levels of these cytokines are reported elevated in SLE and may drive marrow mobilization and/or impair differentiation, respectively [27, 28] . However, since the LDG microarray analysis did not reveal evidence of enhanced expression of type I IFN inducible genes [20, 29] , it does not appear that LDGs represent a subset preferentially exposed to higher levels of these cytokines.
LDG surface markers and activation status
The exact characterization of the origin and differentiation status of LDGs has been problematic, in part due to discrepancies found between the nuclear morphology/gene expression studies and the cell surface molecule characterization. Indeed, while nuclear morphology and gene expression studies suggest an immature phenotype, cell surface marker analysis of LDGs using flow cytometry (FACS) is indicative of a mature granulocyte [9] (Table 1) . LDGs can be distinguished from monocytes by FACS by their high expression of CD15 and their low expression of CD14. In contrast, monocytes are CD14 high and CD15 low [9] . With regards to other markers, LDGs express CD10 and CD16, both characteristic of mature granulocytes. CD33, a marker expressed on developing or immature granulocytes is only very weakly expressed, with no detection of other early progenitor markers, such as CD34 and Flt-3. In addition, LDGs express CD31, CD11c, G-CSFR, and GM-CSFR. Relative to healthy control neutrophils, LDGs and autologous lupus neutrophils have an activated phenotype based on the surface molecule expression of CD66b and CD11b, but they do not differ with regard to L-selectin expression Fig. 1 Analysis of lupus low-density granulocyte morphology by electron microscopy. Transmission electron microscopy of a normal-(a-c) and of a low-density granulocyte (d-f) isolated from a patient with SLE display various types of granules in their cytoplasm. Heterochromatic (dark) and euchromatic (lighter) areas are clearly defined in both cells. Nuclear lobes are clearly defined in normal-density granulocytes while LDGs demonstrate less lobulated nuclei and shedding before and after exogenous stimulation [9] . How to reconcile the cell surface marker analysis with the nuclear morphology analysis remains unclear. We cannot exclude the possibility that LDGs are a heterogeneous population of neutrophils that does not exclusively comprise of mature activated or immature cells. In order to have a deep insight into the nature of LDGs, it is essential to perform more comprehensive analyses verifying the status of other granular resident proteins. Additionally, epigenetic heterochromatin markers can also be used to assess whether LDGs display an incomplete/aberrant development and/or arrest [30, 31] .
Proinflammatory phenotype of lupus LDGs
In addition to protease release through degranulation and/or NETosis, neutrophils can synthesize pro-inflammatory cytokines and eicosanoids when recruited to sites of infection [1] . Activated neutrophils have the capacity to synthesize TNF-α mRNA [32] , and we have reported that LDGs secrete higher levels of this cytokine than normal-density neutrophils [9] . As overexpression of TNF-α has been documented in lupus nephritis [33] [34] [35] and may play an important role in kidney damage in this disease [36] , it is possible that these cells may represent one of the sources of this cytokine in this disease. Levels of synthesis of IL-8 and IL-6 were also found to be higher in LDGs, when compared with autologous lupus and control neutrophils [9] and this may contribute to the amplification of inflammatory responses and tissue damage in SLE.
Type I IFNs have been reported to be secreted by neutrophils [37, 38] upon specific types of stimulation. As mentioned above, we have found that LDGs have enhanced capacity to synthesize these cytokines when compared with healthy control neutrophils or with autologous lupus neutrophils. Indeed, LDGs synthesize sufficient amounts of type I IFNs in culture to interfere with the capacity of endothelial progenitor cells to differentiate into mature endothelial cells [9] , a phenomenon implicated in the development of premature atherosclerosis that significantly affects patients with lupus [8, 39] . In contrast, depletion of plasmacytoid dendritic cells, the cells synthesizing the highest concentrations of IFN-α in human and murine systems, did not have an effect of endothelial cell differentiation. This observation suggests that LDGs may play prominent roles in disrupting endothelial health in SLE, at least in part through a type I IFN effect. The pathways leading to enhanced type I IFN synthesis by LDGs (TLR dependent and/or independent) remain to be fully characterized. Furthermore, the specific type I IFNs that are synthesized at higher levels by LDGs both at the mRNA and protein level remain to be determined.
LDGs and NETosis
Beside phagocytosis and degranulation, neutrophils possess another antimicrobial mechanism to immobilize and kill invading pathogens named NETosis [21] . During NETosis, large strands of DNA are extruded from neutrophils, carrying specific proteins from the cytosol and granules (Fig. 2 ) [21, 40] . NETs can be produced upon activation by PMA, bacteria, fungi, virus, microbial products, and activated platelets and various cytokines [21, 29, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Our group and others have reported that neutrophils isolated from SLE patients are primed to make NETs [20, 48, 49] . In particular, LDGs have a striking enhancement in their capacity to generate NETs [9, 20] . Various stimuli have been proposed to induce enhanced NETosis in SLE, including immune complexes, type I IFNs, and autoAbs [20, 48, 49] . Importantly, netting neutrophils have been proposed as strong inducers of IFN-α synthesis by pDCs [20, 49] , thereby supporting additional contributions to lupus pathogenesis. Furthermore, type I IFNs can potentiate production of NETs by mature neutrophils [46] , and this may lead to a selfperpetuating cycle where cytokines activate granulocytes to die by NETosis, which in turn leads to more type I IFN synthesis by pDCs. In addition, sera from SLE patients can bind to NETs (Fig. 3) , suggesting that autoantibodies to NETs components are generated in this disease. In addition, NETs generated by LDGs have the capacity to stimulate the NLRP3 inflammasome machinery at augmented levels in lupus macrophages, with potential to establish vicious inflammatory cycles [50] .
Additionally, Hakkim and colleagues demonstrated that approximately one third of serum samples obtained from a cohort of SLE have impaired capacity to degrade NETs. They have implicated molecules present in SLE sera that interfere with DNase I activity. They identified a link between SLE patients with poor DNase I activity and high titers of anti-dsDNA antibodies, while impaired NET clearance was associated to the presence of nephritis [51] . Impairment of DNAse I activity in SLE patients can be caused by genetic factors [52, 53] or by the presence of DNAse 1 inhibitors in sera [51, 54] . Dysregulation in NET clearance may play a role in lupus pathogenesis and also impact the formation of thrombosis in SLE patients [22] . Thus, presence of LDGs that have enhanced netting capabilities, combined with impairments in NET clearance might result in the prolonged exposure of antigenic material and further induction of proinflammatory cytokines that can perpetuate a vicious cycle leading to prolonged autoimmunity in predisposed individuals.
It remains to be determined whether the externalization of proteins through NET formation plays prominent roles in the loss of self-tolerance, the activation of adaptive immune responses and the development of autoimmunity. While in a recent study purified NETs failed to exacerbate autoimmune phenotype in some mouse models of lupus [55] , the roles of second signals or additional stimuli need to be considered to more clearly identify how NETs may promote aberrant immune responses. It is also unclear if the protein cargo of the LDG NETs is different than the one elicited by other NET-inducing stimuli.
LDGs and the development of organ damage in SLE LDGs have been associated with endothelial damage as well as with induction of abnormal endothelial differentiation, with potential implications in the development of premature atherosclerosis that affects patients with various autoimmune diseases [9, 20] . In vitro experiments conducted in our laboratory demonstrate restoration of the capacity of Fig. 2 Detection of neutrophil granular proteins in NETs. Immunofluorescence microphotographs of control neutrophils activated with LPS in vitro, releasing NETs, characterized as long strands of DNA (blue) decorated with the antimicrobial peptide LL-37 (green) and neutrophil elastase (red). Original magnification, ×40 Fig. 3 Autoantibodies present in SLE, but not control, sera react with molecules present in LDG NETs. NETs generated by LPS stimulation of control neutrophils, or spontaneously released by lupus LDGs were incubated with 10 % healthy control serum (upper) or 10 % SLE serum (lower). Bound IgGs were detected using a secondary antibody conjugated with a red fluorochrome. Blue represents nuclear material, as quantified by Hoechst. Original magnification, ×40 endothelial progenitors to differentiate into a mature endothelium when LDGs are depleted from cultures [9] . Furthermore, the cytotoxic effect of LDGs on endothelial cells appears to be related to their capacity to synthesize NETs, as abrogation of vascular cell death was observed in the presence of a nuclease that disrupts the NETs [20] . The mechanisms by which NETs damage the endothelium remain to be fully determined, although histones present in these structures may play prominent roles [56] .
The exact role that LDGs may play in other lupus complications, including nephritis and skin disease, remains to be determined. As mentioned above, higher numbers of LDGs correlated with skin involvement and vasculitis in our original observations [9] . Furthermore, netting neutrophils were observed infiltrating skin and kidneys from lupus patients with dermatologic and renal complications [20] . However, whether these cells represent LDGs or normaldensity neutrophils remains unclear, as no distinctive cell markers have been identified that can distinguish between these two types of neutrophils at the tissue level.
LDGs in other diseases
Neutrophils with low-density features have been documented in conditions such as cancer, HIV infection, sepsis, psoriasis, and, recently, in the pristane-induced arthritis (PIA) rat model [57] [58] [59] [60] [61] . On the other hand, it is unclear if these cells represent a distinct phenotype (as described in SLE), or merely degranulated cells. For example, septic patients display increased numbers of low-density neutrophils with diminished chemotactic responses and minimal β-glucuronidase activity.
However, the morphology and cell surface analyses of these cells indicate that they represent mature degranulated neutrophils with vacuolized cytoplasm [57] .
LDGs have been also reported in other vertebrates. Density gradient separation of blood from pigs infected with classical swine flu (CSF) virus display the presence of SWC3-positive granulocytes, a pan-myeloid marker, in their PBMC preparation [62] . Morphological analyses revealed that SSC+ SWC+ were immature granulocytes, mainly myelocyte and band neutrophils [62] .
As mentioned above, we have documented LDGs in the peripheral blood of patients with psoriasis [60] . Similar to SLE, we found that psoriasis LDGs are more primed to form NETs that externalize IL-17, a proinflammatory cytokine linked to the pathogenesis of psoriasis and other autoimmune diseases such as rheumatoid arthritis (RA) [63] . Low buoyancy neutrophils were also initially described in RA [18] and, recently, a PIA rat model demonstrated increased percentage of cells expressing His48+, a rat granulocyte marker, co-purifying with PBMCs [61] . The expression of the rCRAMP, rat analog of the cathelicidin LL-37, was higher in PIA compared with naïve rats. Such expression was mostly apparent in His48+ cells, supporting the presence of granulocytes. Although the origin of these granulocytes is unknown, the authors proposed an early release from the bone marrow due to accelerated turnover of mature neutrophils. To our knowledge, this is the first report of a putative LDG subset in an animal model of autoimmunity. Whether similar cells can be found in murine models of lupus remains to be determined. Fig. 4 Schematic representation of the possible origins of LDGs in SLE. 1, High levels of cytokines, immune complexes, autoantibodies, and/or other yet unidentified molecules can affect neutrophil development in the bone marrow and promote altered gene expression and nuclear morphology. 2, Alternatively, mature neutrophils exposed to high levels of the aforementioned molecules alter their gene expression, homing capabilities, and phenotype, generating an aberrant pathogenic subpopulation
Conclusions
As mentioned above, it is possible that cytokines, autoAbs, and/or immune complexes present in lupus patients can alter the bone marrow niche or promote the release of immature granulocytes (Fig. 4) . It is unclear, however, whether the exposure of marrow granulocytes to cytokines and/or immune complexes may alter their morphology and/or gene expression. Conversely, and given the cell surface marker profile consistent with mature cells, LDGs could represent a subpopulation of activated neutrophils similar to the ones reported in the marginal zone of the spleen in humans [64] . In this case, splenic neutrophils were found to have a distinct phenotype compared with circulating neutrophils, and to elicit specific adaptive immune in marginal zone B cells through NET-like structures [64] . This finding supports the notion that subsets of neutrophils present in different tissues can have distinct phenotypes and function and that this be further evaluated in the case of LDGs. Studies in animal models of autoimmunity are imperative to further clarify the origin, maturation status and pathogenicity of LDGs. This would also allow us the opportunity to test potential pharmacologic approaches in this specific cell subset. Future characterization and establishment of specific LDG markers may prove very useful in assessing their putative roles in tissue damage in lupus and other diseases.
Nevertheless, the findings summarized in this review support the existence of a distinct subset of aberrant neutrophils in SLE patients. Longitudinal studies are needed to systematically assess if LDGs can be used as biomarkers or predictors of tissue damage, disease activity and specific complications in SLE. Furthermore, it is important to explore whether low-buoyancy PMNs detected in other autoimmune disease play similar pathogenic roles as in SLE, with regards to cytokine synthesis, capacity to generate NETs, etc.
The factors driving the abnormal phenotype and function of lupus LDGs need to be determined and may include specific cytokines that could arrest neutrophil maturation. Whether NETs generated by LDGs have different immunostimulatory capabilities and protein cargo to those generated by conventional neutrophils in response to microbes is unclear. Finally, the interactions between LDGs and the adaptive immune system should be the focus of future investigations. By clarifying the origin and pathogenicity of LDGs, we may be able to devise novel therapeutic strategies in lupus and other autoimmune diseases. We may also be able to better understand the link between infections and the development of autoimmune responses and disease flares.
